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Abstract 
The greatest proportion of information known about the wear 
characteristics of TiC coated carbide tools is in the area of the 
nature of the workings of the coatings. Little has been investigated 
in the area of the function of the substrate. 
This experiment investigates the components of the substrate of 
these tools in order to determine if there is any significance in the 
performance of tools with different substrate compositions. Data is 
taken from a lathe operation under standard cutting conditions. The 
analysis first is done to determine if there is any significant difference 
between the tools. Once this is established, a regression analysis is 
performed on the influencing tool parameters which cause wear and surface 
roughness at the given cutting conditions. 
The results showed that there were definite relationships between 
wear and finish and the yariation of tool element proportions. It was 
also found that the significant variables changed with cutting conditions, 
implying that the relation is complex and non-linear. 
-V.: 
Introduction 
Since the advent of TiC coated, cemented carbide inserts, much 
research has been conducted in the areas of improving the kind and 
quality of coating used. Experiments have been conducted in testing 
alternative ways of depositing TiC in such a way as to create a 
potentially successful cutting tool. 
The ideal coating is characteristic of having a high density 
and low porosity. In addition, the bond between the substrate and 
the coating should be of such a nature that a large degree of diffusion 
takes place at the interface of the materials and extends as far into 
the substrate as possible. A coated tool having these characteristics 
will then have the greatest chance of possessing the desired tool 
properties of hardness, toughness, and resistence to wear.  In addition, 
the diffusion of titanium for a much longer period of time, thus reducing 
the overall cutting forces required and producing a finer and more 
consistent surface finish. 
A variety of TiC coated insert tools are presently being commercially 
produced. Since a great majority of the research into coated tools has 
been in the area of the coatings, it is not surprising that the most 
consistent characteristic of the commercially produced tools is their 
coatings. It has been found that a thin layer of from .0002 to .0004 
inches of TiC evenly deposited proves to be the optimum range of coating. 
(8,9) A thicker coating reduces the strength of the bound and thus 
increases the probability of chipping of the coating. A thinner layer, 
aside from being a very difficult process to control with consistency, 
sub-optimizes the wear resistance properties, which is the property the 
coating is intended to maximize.  2 
What is also not surprising, due to a lack of research, is the 
great variety of substrates which are available. This is due, in part, 
to the notion that it is the coating which produces the increased wear 
resistance, and once the coating is worn off, the tool behaves exactly 
as an uncoated tool. (2) It wasn't until recently, that experiments 
have been conducted in the areas of substrate composition and coating- 
substrate interface characteristics. (5,8,11). 
Method of Coating 
The major process used today in the forming of the TiC coating is 
the chemical vapor deposition process developed by Metallgesellschaft 
A. G. in Germany in the early 1960's. (8) This is a reaction process 
which combines titanium tetracloride and a hydrocarbon, usually methane, 
in a hydrogen atmosphere. This is done at elevated temperatures of 
l650-1950°F in a pressure vessel. As the gases combine, they react 
to form TiC, which deposits itself in the substrate material, and gaseous 
HC1. (9) 
History 
The great problem which has plagued the metal cutting industry 
since man first chopped out a hammerhead 'from crude iron has been how 
to make a cutting tool which was both tough enough to resist chipping 
and yet still retain enough hardness to resist abrasion wear. 
The first serious attempt to produce a cutting tool with both high 
hot hardness and high toughness came in 1906 with the introduction of 
high speed steel (HSS) tools. These first tools were a triple alloy of 
steel utilizing tungsten for toughness, and chromium and vanadium for 
wear resistance. As the need for better tooling increased, other 
elements, significantly molybdinum, were introduced in various quantities 
to increase the life of the tool until today, there are approximately 
twenty-seven grades of HSS. 
Even with the large variety of HSS tools available, the increased 
demand for higher rates of production and the emergence of new work 
materials found HSS unsatisfactory as a tool material. The needs for 
tool materials that could stand the temperatures and pressures of 
elevated cutting speeds, tools that could cut extremely hard work 
material, and tools that could cut the exotic materials of the developing 
air, and later space, industries, all placed new and unique demands upon 
the cutting tool industry. 
In 1926, Krupp,, of Germany, developed the first sintered carbide 
tool (8). This consisted of tungsten carbide particles "glued" together 
in a cobalt binder. These tools had a very high degree of hardness, but 
were extremely brittle. Therefore, their use was confined to cutting non- 
ferrous materials. It wasn't until the 1930's, when tantalum carbide, a 
softer but tougher material than tungsten carbide, was added to the brittle 
WC-Co tools that a steel cutting grade of carbide tooling was produced. 
About this same time, titanium carbide was being introduced into 
carbide tooling. Titanium carbide's lubricating properties increased 
resistance to deformation of the tool at elevated temperatures and 
extended the range of cutting conditions at which a tool could 
successfully perform. 
The concept of using two separate cutting materials in conjunction 
with each other in order to utilize the desireable properties of both 
was first used by Krupp of Germany in 193^. Drawing dies were made, 
using an extremely hard material at the point of greatest wear and a 
tough material was used at the point of great stress. It wasn't until 
the early 1960's, when Krupp successfully experimented with coating a 
WC-Co tool with TiC, that the first coated carbide tool was developed (8). 
With great success of TiC as a coating material, many other materials, 
TiN, TaC, and BC among them, have been tried as coatings, but none has 
shown the promise of improving wear resistance as TiC has, or the ability 
to create a thermal barrier to prevent thermal deformation of the substrate. 
Importance of the Coating 
Much of the research work done on TiC coated tools has shown 
that wear resistance and thermal insulation go hand in hand. This 
insulating property of a coating forces the heat generated by the 
cutting forces into the chip and thus carries it away from the cutting 
surfaces. (6). This results in a lower operating temperature and a 
smaller probability of failure from thermal cracking or thermal related 
tool deformation. 
On a micro scale, this reduction of heat in the tool prevents WC 
migration into the Co binder and the breakdown of the WC-Co matrix. 
These breakdowns normally manifest themselves as adhesion of chips to 
the tool.(5>13) 
It has been shown that when tools which normally have a low hot 
hardness are coated with TiC, they perform very similarly to tools 
coated with TiC that normally have a high hot hardness. Once this 
thermal barrier was worn off and the substrate was cutting, the tools 
reverted back to the characteristics of the substrate^2). This seems 
to imply that the coating is the significant cutting medium and that 
the substrate is merely a vehicle used to present the coating to the 
workpiece. 
Importance of the Substrate 
If the substrate served no other function than to form the 
foundation for the cutting edge support for the TiC layer, it is logical 
to assume that most substrates would perform on a similar level and only 
the extremely tough or soft would show any deviation from the norm, 
making serious investigations of substrate characteristics unnecessary. 
However, this is not the case. It has been shown that there are three 
major areas where the substrate has dominance over the coating. 
The ultimate wear life of the tool is dependent upon the wear 
resistance of the substrate. When the coating has been worn away and 
the diffusion layer is exposed, the wear rate then becomes a function 
of the ability of the substrate to retain particles of TiC,in the 
cobalt binder.  It has been both observed thatrthe wear rate has remained 
stable long after the coating has been visibly removed, and also that 
wear rate immediately reverts to the rate that the uncoated substrate 
would normally have. A possible explanation for this apparent contradiction 
of observations is that some tool alloys possess the ability to absorb some 
of the TiC from the coating into the surface layers of the substrate either 
at the time of the deposition of the coating or during the cutting. At 
both of these times there is a high degree of energy available to aid in 
activation of the diffusion mechanism ^     '. 
Tool deformation is "a second property which depends to a great 
extent upon the substrate. The tendency for a tool material to plastically 
deform under the forces of cutting does not alter when a tool is coated 
with TiC because this is a mechanical property of the substrate material. 
An increased tendency to deform under pressure will cause more exposure 
of the substrate sooner, increasing the area over which friction occurs, 
causing more heat and stress. 
Thermal6' cracking is the third property which remains a function of 
the substrate. A low resistance to thermal cracks will have the tendency 
to cause the tool to chip or "pop" the coating as the supporting layer 
moves and shifts. 
The Diffusion Layer 
This layer interfacing the substrate and the coating has been the 
subject of great controversy. Experiments conducted by Brierly and 
McKee produced results leading them to believe that the diffusion layer 
had no noticeable effect on overall wear characteristics of coated tools. 
It should be noted, however, that they were measuring tool performance 
on a macro scale and not looking for the diffusion layer effect which 
requires a different experimental technique to measure accurately. 
Lee, in his study of diffusion layers on carbide tools, has found 
that a significant transfer of iron takes place into the cobalt binder 
phase. The iron combines with carbon, freeing the tungsten to migrate 
into the binder and reduce the transverse rupture strength of the tool. 
He has found that when TiC or TaC is included in the tool composition, 
iron diffusion is significantly reduced. Taking this one step further, 
it is possible that during the formation of the coating or during cutting, 
when there is a high level of energy present, that TiC is forced into the 
outer layer of the substrate, creating a TiC rich deposit, which would 
duplicate the conditions described by Lee. 
Experimental Design and Procedure 
Objectives 
The objectives of this experiment were to: 
1. determine whether or not there is any significant 
correlation between substrate composition and tool 
performance for TiC coated steel cutting grades of 
insert tools. 
2. determine the extent to which each component factor 
influences the overall performance of the tool. 
The experiment consisted of three independent variables and two 
dependent variables. The independent variables were: tools, with 
six levels; cutting conditions, with three levels; and time, with five 
levels. The dependent variables conventional flank wear (with a 
modification for nose wear), and surface roughness. These parameters 
were chosen because they are common throughout the industry as criteria" 
used in determining tool performance. 
Discussion of the Independent Variables 
Tools: 
The six levels of tool structure chosen, were selected on 
the basis of their wide variations in component proportions and grain 
size. In addition, these are standard mixes, readily available in the 
industry. A listing of the actual chemical makeup of each tool may be 
found in Appendix A. 
All tools were coated with TiC by means of a vapor deposition 
process using titanium tetracloride in a hydrogen atmosphere. While 
the details of this process are beyond the scope of this paper, suffice 
it to say that the coatings are identical as much as it is humanly 
9 
possible. 
All tools were honed approximately .005 inches prior to 
coating. It has been found that edge buildup of TiC is reduced, and 
hence a more evenly distributed film produced, if the tool is honed 
prior to the coating process. 
Cutting Conditions: 
Since it would not be feasible to conduct an experiment with 
all possible cutting conditions, three representative conditions were 
chosen. It was felt that tool behavior observed at three widely 
different cutting conditions would be sufficient to permit reasonable 
speculation as to the probable behavior at intermediate cutting condi- 
tions. 
The following criteria were used in a preliminary investigation 
to determine which combinations of speed, feed, and depth of cut might 
prove most suitable: 
1. They must be representative of feasible industrial 
applications (eg., roughing, finishing) 
2. Tools must show a complete life in a reasonable amount of 
time (tentatively defined as between eight and ten minutes) 
3. Conditions should not be so severe as to cause premature 
failure by any means other than wear. 
After some hueristic experimentation, the following conditions 
were chosen: 
SPEED FEED DEPTH 
1+00 0225 .100 
550 0150 .100 
700 0100 .050 
10 
The first condition represents the rough cut category, 
while the third condition represents the finish cut category. The 
second condition is an intermediate condition chosen to permit some 
feeling of continuity to be established. 
Time: 
Since one of the criteria for cutting conditions was 
"reasonable tool life", it is obvious that the time constraint cannot 
be chosen entirely independently. Therefore the measuring time was 
set at nine minutes, with arbitrary intervals of 1, 3, 5> and 7 minutes. 
Discussion of the Dependent Variables 
Flank Wear 
Wear on the tool was measured by means of a tool-makers micro- 
scope using the average wear on the land as the measurement. Observations 
were taken after the first minute, and at two minute intervals thereafter 
until the ninth minute or tool failure occurred. Failure was not defined 
in the arbitrary sense of an absolute number. As long as the tool could 
continue to cut and produce work within tolerance of about + .003 inches, 
it was considered to be still within its useful life. The tool's actual 
wear was used unless the tool failed, then the thickness of the insert, 
.375, was used. Most of the failures resulted in total destruction of 
the corner of the tool which seems to make .375 a reasonable estimate of 
the wear of a failure. 
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An auxiliary wear measure was taken in addition to conventional 
flank wear. Scheithauer noted that due to deformation of the tool 
during cutting, there tended to be a more concentrated area of wear on 
the nose of the tool. By measuring both the flank and nose wear, a 
mechanism is available by which the amount of deformation that a tool 
will undergo during an operation can be determined. 
Surface Roughness 
Finish or roughness was measured by means of a portable stylus 
indicator. Two observations were taken for each cut, the average of 
which was recorded. In this way, it was felt that a more consistent 
picture of the actual roughness vs time relation could be seen. 
Raw data from all'these measurements may be found in tables II, 
III, and IV of Appendix A. 
Discussion of Fixed Variables 
The operation was limited to single point turning of steel bars. 
This operation is characterized by continuous cutting and relatively 
simple thermal effects. Milling\ the other major operation possibility, 
tends to produce high thermal and impact variations, leaving the possib-x 
ility of failure other than wear becoming predominant. ^ 
i * 
The work material chosen wasfSAE 1+3^0 heat treated steel bars, 
nominally 6 inches in diameter and 54 inches long, having a Rockwell C of 
35 - 37. This is a relatively hard material as well as tough. It is 
reasonably difficult to machine, so it provides a good testing ground for 
the tools with regard to hot hardness and thermal deformation. 
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The standard SNG 433 tool geometry of: BRA -5, SRA -5, ECA 5, 
SCA 5, ECEA 15, SCEA 15, NR 3/64, was used as it gives the tool more 
support in compression loading as well as protection from vibration 
which could chip the tool. 
List of Independent Variables 
1. Tools 
a. Walmet TiC Coated T^-7 
b. it WA2 
c.   " H *   T01 
d. ti T69 
e.   " it '   T04 
f.   " ii   i *   T10 
2. Cutting Conditions 
a. Depth of cut = 0.100 inches 
Feed Rate   = 0.0225 inches per rev. 
Speed      = hOQ  surface feet per min. 
b. Depth of cut = 0.100 inches 
Feed Rate   = 0.15 inches per rev. 
Speed      = 500 surface feet per min. 
c. Depth of cut = 0.050 inches 
Feed Rate   = 0.010 inches per rev. 
Speed      = 700 surface feet per min. 
3. Time Intervals 
a. 1 minute 
b. 3 minutes 
c. 5 minutes 
d. 7 minutes 
e. 9 minutes 
h.    Work Material (constant) 
SAE 43^0 Heat Treated Steel 6" dia. by 5k" long 
bar stock Rockwell C 35-37 
5. Tool Geometry (constant) 
SNG 433, -5,-5, 5, 5, 15, 15, 3/6U 
6. Machining Operation 
Turning on an engine lathe 
? 
List of Dependent Variables 
1. Flank Wear 
2. Surface Roughness 
3. Nose Wear 
List of Equipment 
1. Le Blond 16" Heavy Duty Engine Lathe 
2. Varidyne Frequency Alternator 
3. Brush Portable Surfindicator 
k.    Toolmakers Miscroscope 
5. Assorted Micrometers 
6. Lehigh University CDC 6^00 Computer and 
Facilities 
Experimental Technique 
1. In order to insure constant surface speeds with changes in 
bar diameter, a frequency alternator was coupled to the AC driven lathe. 
A tachometer could then be used to determine the actual speed of the 
moving surface. 
2. At the termination of each cut, the feed was first disengaged, 
then the tool was withdrawn, then the rotation stopped. This procedure 
minimizes the possibility of fracture of the tool from changes in loading, 
3. When the diameter of the bar reached approximately 3"» the old 
bar was removed and a new bar from the same heat was the replacement. 
The scale layer was removed and the bar was turned round. 
k.    The diameter of the bar was recorded at each replicate as a 
possible explanation of difference, should any occur. 
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Procedure 
1. A set of cutting conditions was chosen on the lathe 
2. A cut was taken at that condition with each tool 
3. Flank and nose wear were measured, and surface 
roughness was recorded for each cut 
k.    Bar diameter is recorded for the next set of cuts 
5. Any unusual phenomina are recorded 
6. Steps 2-5 are repeated for the remaining observations 
at the cutting condition 
7. Steps 1-6 are repeated for the remaining 120 observations. 
5. The location of the edge in question was recorded as to 
tool #, side #, and edge #. 
15 
Discussion of Results 
Analysis of Variance 
Flank Wear 
An analysis of variance of flank wear (table I, Appendix B) 
shows that all factors and their interactions were significant at 
both 95$ and 99$ confidence levels. Tools were the most significant 
factor with an F-ratio of 30.05. This factor accounted for 65$ of 
the total variation experienced. This is not surprising since some 
of the tools used in the experiment, namely T01 and TOU, are not 
normally used as steel cutting grades. Their catastrophic failure 
after seven to nine minutes in all three cutting situations did much 
to contribute to the tool variation. 
Time was the next most significant, with an F-ratio of 12.32. 
<» 
This accounted for 22$ of the variation observed. This is also an 
expected result, since the tools were subjected to continuous stresses 
and abrasion. It may be inferred from this that flank wear progresses 
with time. This may seem to be a restatement of the obvious since it is 
one of the axioms of the industry that tools wear dut through use. 
However, it is a good control on the experiment. If the analysis of 
variance had shown that time was not a significant factor, it would be 
known that the choice of cutting conditions was not severe enough to 
cause any degree of wear over the time frame de/ined for the experiment. 
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The third factor analyzed, the cutting conditions, also showed 
significance at both the 95$ and 99$ confidence levels. With an F-ratio 
-' J    ' \ 
o£ 13.71 > this factor accounted for approximately 13$ of. the total 
variation observed. The fact that the cutting conditions accounts for 
only 13$ of the variation poses an interesting question. Does the 
coating of tools tend to compensate for the variation in forces caused 
by different cutting conditions? 
One of the touted properties of TIC is its lubricating ability. 
This property seems to be a likely explanation for what has been observed 
here if it is inferred from the analysis that the conditions are least 
significant. However, it should be noted that, while the cutting 
conditions has shown itself to be the least significant of the three 
factors in terms of explaining variation in flank wear, it is still a 
significant factor. It cannot be said that a reduction in the cutting 
forces was experienced or that if a reduction had occurred, it was due 
to the effects of the TiC coating. No data on the forces involved was 
taken. A better answer here is that the tools were responsible for the 
variation to such a great extent that their effect dwarfed the relation- 
ship of cutting conditions and flank wear by comparison. This seems to 
be the more likely of the two possibilities since there is a high degree 
of interaction between tools and cutting conditions. If the former 
argument were actually the case, there should be little interaction 
between tools and conditions. 
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Nose Wear 
An analysis of variance using the same factors as those used to 
analyze flank wear was performed in order to determine the significance 
of their relationship with nose wear. All factors were significant at 
both the 95$ and 99$ confidence levels. This is to be expected since 
nose wear is related to flank wear, the only difference being that nose 
wear seems to be a more sensitive measurement of tool deformation. 
Most significant was the tools factor with an F-ratio 33-28 which 
accounted for 68$ of the observed variation. This is somewhat higher 
than the same factor for flank wear. Since an analysis of variance was 
not performed on the data gathered from the two measuring techniques to 
examine any possible significance between them, it cannot be said here 
that there either was or was not any significant difference between the 
two methods, but a Student's t test was performed on the overall means 
of wear for both methods. The results of 0.802 were well within the 
critical t value of 2..hhl  at the 95$ confidence level. It should be 
inferred from this that the average wear, when measured by either method, 
is the same and any variation is random. Since there can be no difference 
determined between the two different methods, it should be inferred that 
there was no measureable (by these methods) tool deformation. 
Surface Finish 
All factors tested, as with those for wear, were significant at 
both the 95$ and 99$ confidence levels. Tools were again the most 
significant factor with an F-ratio of U163.6 accounting for 58$ of the 
observed variation. This follows the pattern established by the analyses 
of wear. That being that the differences in tools are a significant cause 
for variation in performance, even coated with TiC. 
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Cutting conditions was the second most significant factor with 
an F-ratio of ¥*20.9l+, accounting for 2k%  of observed variation. This 
is a switch from the results of the analyses of wear in which time was 
the second most significant. However, this result is not totally 
unexpected. It has long been known that roughing cuts provide a poorer 
finish than finishing cuts. In fact, the major purpose of performing 
a finishing cut is to produce a fine finish. 
The argument that there was negligible plastic deformation tends 
to be reinforced by the results that time was the least significant 
factor influencing surface finish. If a tool is plastically deforming 
during cutting, the work will tend to push the tool material away 
causing more variation in the surface of the work piece. Examination of 
the raw data, with the exception of T10 and T(A, shows surface finish to 
be relatively constant between the first and seventh minutes. The only 
real change in finish occurs just prior to tool failure. In many of the 
cases there was no marked variation throughout the experiment. 
Regression Analysis 
A stepwise regression analysis was performed on each set of data. 
Since- the-analysis of variance showed that cutting conditions were a 
significant contributor to variation, the regression analysis was performed 
keeping the cutting conditions constant.  In order to eliminate the 
variation caused by time, wear and surface finish were analyzed only after 
the nine minute observation. 
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Roughing Conditions 
The,correlation coefficient for both flank and nose wear was 
.6915 and .689^ respectively. This shows a general positive relation 
between the dependent variable and the significant independent variables, 
but the level is too low to say that thet equation developed is a good 
forecast mechanism for designing tools. 
The significant independent variables for flank wear are the 
relative contents of Co, TaC, and TiC, in that order, and the density 
of the tool. All the coefficients are negative, implying an inverse 
relationship between the independent variables and flank wear. This is 
as we would expect, since experience has shown us that TaC, a dense 
material, when added to WC-Co, improves wear resistance on roughing cuts. 
The standard error of the coefficients is large for all coefficients 
except TaC. This implies that there is much variation in the distribution 
of points about the regression equation. The low F value of 1.6o4 
supports the standard error statistic implying that there may be 
clustering of data yielding a wide distribution about the line.    ,.s 
The t statistic for each coefficient are significant at the 80$ 
confidence level but not at the 9°$ level (for 8 degress of freedom, 
t8o = 1.39> tqo = 1.86). This again supports the argument that there 
are general trends but that no other quantitative statements can be made. 
A regression analysis of nose wear for roughing conditions yields 
very similar results to the flank wear analysis except for these 
differences. A fifth independent variable, transverse rupture strength, 
has been entered in the equation with a positive coefficient. 
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This seems to be a contradiction, however, Ber has had similar 
results in experiments with TiC eoated tools. A possible explanation 
might be that since transverse rupture strength and hardness are 
directly related, an increased TRS would tend to make the tool hard 
and brittle and susceptible to fracture under the high cutting forces 
found in roughing conditions. 
The other difference in the nose wear regression analysis is the 
t statistic. Only the Co content variable is significant at the 80$ 
confidence level, all others fall far below this level, implying that 
even less confidence may be assumed about these coefficients than for 
those in the flank wear analysis. 
The constant in the flank wear equation is 59*^63 and that for the 
nose wear equation is 58.111. These relatively large constants, 
combined with low correlations in general, implies that there are one 
or more independent variables which have not been taken into account. 
Since roughing is such a severe operation, measurement of the cutting 
forces or the temperatures may help explain some of the variation. 
In a roughing operation, surface finish is not of great 
consequence. In an analysis of the significant independent variables, 
only the tool density emerges as having any correlation with finish. 
It has a negative coefficient as is expected and the t statistic is 
significant at the 90$>  confidence level. The correlation coefficient 
is a positive .5608. It may be inferred from these statistics that 
denser tool materials, regardless of their composition, are the major 
factor in determining the surface finish in roughing conditions. 
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Medium Conditions 
The analysis of flank wear has a correlation coefficient of 
•9998. The significant variables are Co,TaC, TiC, density and 
transverse rupture strength, and they are all negative except for 
TRS which is positive. The t statistics for all coefficients except 
TRS are significant at the 99*9$ confidence level. The t statistic 
for TRS is significant at the 95$ level. The standard error for each 
.; coefficient except density is less than .03, with density at just above 
.1. Along with low standard error is a high F statistic of 35^2.8. 
The only indicator that shows a poor fit is the equation's constant, 
which is large at 112.5^1. 
The overwhelming positive results of the statistical indicators 
of this analysis implies a superb -fit. 
The regression analysis of nose wear has strikingly similar results 
to those of flank wear. This is not surprising since no statistical 
significance was found between the wear of the two measuring methods. 
The large constant found in both cases can be attributed to being an 
adjustment factor between the different units of measure of the variables. 
The correlation coefficient for surface finish was .9999,  implying 
that the independent variables describe the dependent variable completely. 
The significant variables are Co,TaC, TiC, and deHsity. The coefficients 
are all negative as expected. The t statistics are all significant at 
the 99.9$ confidence level and the standard errors are all less than .08. 
For these cutting conditions, there seems to be an excellent overall 
correlation on all accounts to describe wear and surface finish. 
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Finishing Conditions 
The correlation coefficient for the flank wear regression Is .81^9- 
While this is smaller than the flank wear correlation at medium conditions, 
it is still of large enough significance to be considered important. The 
significant variables are Co, TiC, and TaC. The standard errors for these 
variables are less than .001, indicating a very close distribution about 
the regression line. The t statistics are all significant at the 95$ 
confidence level with the t statistic for Co being significant at the 
99$ confidence level. The F statistic is not large at 5-27, and the 
constant is very small at less than .02. 
The results shown by the correlation coefficient and the F statistic 
/implies that another factor is affecting the wear besides the variables 
/ 
considered, however, the t statistic and the standard error say that the 
three significant variables are definitely part of the explanation of 
variation in flank wear. An intersting point is that the sign of the 
TaC coefficient is positive, where it had been negative in the previous 
regressions. This fact tends to throw a shadow on the concept of a 
single, linear function describing the relationship between wear and 
and tool components extending throughout the range of cutting conditions. 
The regression for nose wear shows a totally different picture of 
the finishing operation. The correlation coefficient is .8751, higher 
than that for flank wear. The significant variables are Co, TaC, and 
grain size. The standard errors are all less than .01. The t statistics 
are all significant at the 95$ confidence levels, while Co and grain 
size are still significant at the 99$ level. The constant and the F 
statistic are both small at -1.99 and 8.72, respectively. 
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A small comparison between flank and nose wear will show two 
markedly different results. While a general explanation of confidence 
in the statistics appears similar for both the regressions, the 
significant variables are different. Co has a negative sign for flank 
wear and a positive sign for nose wear. TiC is not a significant variable 
in the nose wear regression. TaC is positive for flank wear and negative 
for nose wear. Lastly, a new variable, grain size, has become 
significant. 
To -understand why these two data sets to have suddenly diverged 
in the analysis, a closer look must be made for the operation of 
finishing. A finishing cut is of high speed and shallow depth of cut 
of .050 is approximately equal to the nose radius of .Ch6.    Therefore, 
very little of the tool is in contact with the work. Since most of 
the wear area is within the boundary of the nose radius, heat and 
pressure are very concentrated, causing a very different set of conditions 
than along the flank of the tool. Cobalt tends to allow iron diffusion 
at high temperatures, thus the positive correlation seems more^reasonable 
here. TaC is helpful under roughing conditions which similar stress 
characteristics to those found on the nose, therefore the negative 
relationship is more plausable. 
Just as smaller grain size in the work material makes a tougher, 
less brittle material, so it does with tools. The small grain size 
provides less chance for chipping and* cracking, just as it would in a 
roughing situation. The positive correlation, then, would be more 
appropriate. 
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Surface finish shows a strong resemblence to nose wear in the 
results of the regression analysis. The correlation coefficient is 
moderately significant at .7355- The F statistic and the constant are 
both small at 3.1^2 and -.0814,respectively. The standard errors of 
the coefficients are small, all less than .001. The three significant 
variables are Co, TaC, and grain size as with nose radius. The t 
statistic for Co is significant at the 95$ confidence level. Other t 
statistics are not significant. The correlation is not as strong with 
surface finish as with nose wear, however to a lesser degree, much of 
the explanation as to why the results are as they are is the same. 
Deformation of tools seems to be a possible explanation for these 
results. sSince no statistical difference was found between the overall 
means of flank and nose wear, there should not be any evidence of 
deformation. However, the overall means include both rough and medium 
cut data. These would tend to mask the effects of deformation in the 
finishing operation. When investigated separately, there is evidence 
that deformation is a cause for surface finish variation. 
Duncan Multiple Range Test 
In an effort to rank the tools according to their relative,overall 
performance, a Duncan Multiple Range Test was performed on the aggregate 
data set for each wear condition. The results (Table TV, Appendix B) 
are inconclusive. Two levels of range were found. T04 proved to be a 
decidedly poorer tool than all the others. The other five tools were 
close enough to each other in mean wear that no statistical difference 
could be determined. 
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Conclusions 
The conclusions which may be drawn from this analysis of 
TiC coated tools are: 
1. There are definite and distinct differences between 
the performances of TiC coated tools having different 
substrate compositions. 
2. The correlation between wear or surface finish and 
the independent variables examined is not continuous 
over the entire range of cutting conditions. 
3- The relationship between wear or finish and the 
independent variables is linear for medium range 
conditions. 
k.    Other factors, in addition to the ones examined are 
responsible for wear under roughing conditions. 
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Areas for Future Study 
The experiment should be repeated with the addition of cutting 
forces and temperature measurements. 
The same experiment using tools with other proportions of the 
same elements should be run to expand the accuracy of the 
relationship. 
Other regression curves might be tried.  It was shown that the 
relationship varies in the weight given to variables under 
different conditions. This may lend itself to application of 
non linear relations. 
era An exp iment using a milling operation might be done. This 
would provide an opportunity to investigate an operation with 
a more complex force structure. •".->■■ 
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Raw Data 
, *. 
Speed: UOO sfm 
Feed:  0.0225 in 
Depth: 0.100 in 
/rev 
Walmet TU7 
1;min. 3 min. 5 min. 7 min. 9 min 
Flank Wear 
xl0-3 in. 
71 
70 
120 
67 
13U 
110 
133 
105 
ll+l 
123 
Nose Wear 
x 10-3 
Ilk 
108 
180 
11+6 
216 
182 
215 
181 
260 
203 
Surface finish 
in. 
305 
270 
• 325 
290 
320 
295 
325 
310 
330 
305 
Walmet WA2 
1 min. 3 min. 5 min. 7 min. 9 min. 
Flank Wear 
xlO-1* in. 
k2 
6o 
k2 
61 
h3 
65 
55 
65 
55 
70 
Nose Wear 
xlO-^ in. 
61 
60 
6k 
61 
66 
63 
82 
65 
98 
70 
Surface finish 
in. 
290 
290 
290 
265 
265 
250 
260 
250 
265 
2U5 
Walmet T01 
1 min. 3 min. 5 min. 7 min. 9 min. 
Flank Wear 
xlO"1* in. 
112 
61 
108 
89 
110 
93 
99 
73 
118 
.  125 
Nose Wear 
xlO"U in. 
112 
100 
130 
123 
137 
115 
133 
121 
170 
I69 
Surface finish 
in. 
232 
265 
235 
215 
235 
210 
250 
220 
• 270 
220 
31 
Walmet T69 
1 min 
Flank Wear 
xlO-^ in. 
9h 
65 
Nose Wear 
xlO"1* in. 
9h 
89 
Surface finish 235 
in. 205 
Walmet TOU 
1 min, 
Flank Wear 
xlO"^ in. 
139 
105 
Nose Wear 1U9 
xlO"^ in. 150 
Surface finish 235 
in. 200 
Walmet T10 
1 min. 
Flank Wear 
xlO"^ in. 
80 
61 
Nose. Wear 
xlO"1* In- 
80 
61 
Surface finish 265 
in. 250 
3 min. 
88 
63 
88 
93 
283 
190 
3 min. 
150 
129 
170 
175 . 
235 
220 
3 min. 
IQk 
95 
104 
95 
260 
180 . 
5 min. 
109 
73 
109 
102 
260 
190 
5 min. 
ll+7 
llU 
195 
191 
2^0 
220 
5 min. 
116 
96 
116 
96 
285 
200 
7 min. 
100 
92 
100 
92 
250 
205 
7 min. 
Ikj 
126 
217 
193 
222 
220 
7 min. 
113 
102 
113 
102 
295 
210 
9 min. 
97 
9k 
97 
9h 
277 
210 
9 min. 
3750 
190 
3750 
213 
210 
320 
9 min. 
106 
±Qk 
15U 
103 
310 
250 
32 
Speed:  550 sfm 
Feed:  0.0150 in/rev 
Depth:  0.100 in. " 
Walmet TU7 
1 min. 3 min. 5 min. 7 min. 9 min 
Flank. Wear 
xlO"^ in. 
20 
22 
29 
31' 
37 
38 
36 
50 
ko 
k9 
Nose Wear 
xlO"1* in. 
27 
25 
32 
) 
37 
k6 
57 
57 
63 
60. 
Surface finish 
in. 
172 
179 
Walmet WA2 
177 
180 
177 
172 
171 
170 
175 
173 
1 min. 3 min. 5 min. 7 min. 9 min. 
Flank Wear 
xlO"^ in. 
20 
20 
28 
30 
3^ 
38 
5U 
63 
60 
6k 
Nose Wear 
xlO"^ in. 
U3 
20 
56 
ko 
69 
5U 
79 
70 
91 
73 
Surface finish 
in. 
135 
125 
Walmet TOl 
139 
127 
135 
123 
135 
123 
128 
127 
1 min. 3 min. 5 min. 7 min. 9 min. 
Flank Wear . 
xlO"^ in. 
^7 
82 
k$ 
82 
62 
89 
81 
131 
9^ 
217 
Nose Wear 
xlO-1* in. 
59 
82 
73 
101 
87 
169 
12k 
27U 
182 
U95 
Surface finish 
in. 
115 
1^5 
110 
160 
85 
137 
105 
155 
100 
175 
33 
Walraet T69 
1 min. 3 min. 5 min. / min. 
Flank 'wear 
xlO-k in. 
77 
29 
50 
29 
31 
29 
50 
33 
60 
58 
Nose V/ear 
xlO"4 in. 
77 
29 
50 
36 35 
i 
62 
33 
71 
58 
Surface finish 
in. 
145 
125 
145 
112 
122 
100 
130 
97 
145 
80 
Walmet T04 
Flank Wear 
xl0"U in. 
Nose Wear 
x lO-2* in. 
Surface finish 
in. 
1 min. 
62 
71 
118 
146 
155 
137 
3-min. 
128 
172 
321 
150 
135 
5 nun. 
Ill 
177 
253 
. 3U9 
253 
155 
7 min. 
3750 
3750 
3750 
3750 
555 
555 
9 min. 
3750 
3750 
3750 
3750 
Walmet T10 
Flank Wear 
xlO"^ in. 
Nose Wear 
xlO-1* in. 
Surface Finish 
in. 
1 min. 
22 
25 
22 
33 
115 
135 
3 min. 
28 
33 
28 
33 
110 
130 
5 min. 
36 
46 
36 
62 
110 
130 
7 min. 
1+8 
48 
48 
48 
100 
115 
9 min. 
39 
.46 
54 
46 
95 
125 
34 
Speed:  700 sfm 
Feed:  0.010 in/rev 
Depth:  0.050 in. 
Walmet T*+7 
1 min. 3 min. 5 min. 7 min. 
Flank. Wear 
xlO"^ in. 
1+2 
30 
1+2 
50 
1+3 
53 
1+1+ 
69 
1+7 
9h 
Nose Wear 
xlO-4 in. 
52 
65 
101 
112 
121 193 
272 
295 
297 
Surface finish 
in. 
80 
75 
110 
75 
105 
95 
95 
115 
80 
92 
Walmet WA2 
Flank Wear 
xlO-^ in. 
Nose Wear 
xlO-1* in. 
Surface finish 
in. 
1 min. 
16 
26 
21 
87 
65 ' 
61 
3 min. 
h3 
33 
87 
112 
57 
53 
5 min. 
1+1+ 
hi 
Ilk 
ll+l 
60 
50 
7 min. 
51 
1+2 
187 
160 
69, 
-  71 
9 min. 
78 
88 
197 
1+77 
77 
75 
Walmet T01 
Flank. Wear 
xlO-1* in. 
Nose Wear 
x 10-1* in. 
Surface finish 
in. 
1 min. 
^3 
37 
hi 
6± 
69 
78 
3 min. 
53 
k9 
71 
71 
71 
70 
5 min. 
62 
1+2 
115 
77 
73 
77 
7 min. 
70 
58 
139 
101 
71+ 
72 
9 min. 
89 
61+ 
159 
95 
70 
65 
35 
Walmet T69 
1 min, 
Flank Wear 
xlO-1* in. 
27 
30 
Nose Wear 
xlO"^ in. 
kO 
38 
Surface finish 
in. 
67 
78 
Walmet TOk 
1 min. 
Flank Wear 
xlO"1* in. 
36 
29 
Nose Wear 
xlO-^ in. 
6k 
56 
Surface finish 
in. 
68 
h9 
Walmet T10 
1 min. 
Flank Wear 
xlO-1* in. 
21 
26 
Nose Wear 
xlO-2* in. 
36 
3h 
Surface finish 
in. 
77 
86 
3 min. 
26 
29 
kk 
38 
65 
83 
3 min. 
60 
kd 
101 
102 
67 
62 
3 min. 
38 
38. 
52 
39 
75 
75 
5 min. 
38 
28 
50 
52 
65 
80 
5 min. 
5h 
kk 
126 
166 
67 
53 
5 min. 
27 
30 
53 
kk 
78 
9^ 
S& 
7 min. 
39 
;, kO 
55 
53 
60 
81 
7 min. 
86 
61 
19^ 
313 
72 
52 
7 min. 
37 
k2 
51 
55 , 
67 
90 
9 min. 
39 
k7 
58 
65 
5^ 
70 
9 min. 
97 
200 
268 
295 
7k 
9  min. 
36 
kQ 
55 
57 
66 
88 
36 
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Tool Makeup 
(material in % by weight) 
Tool WC TiC TaC Co Ra Density TRS 
TU7 78.0 8.0 6.0 8.0 91.9 12. UO 250 
WA2 9^.0 — — 6.0 92.0 1^.95 270 
T01 9^.0 —   6.0 91.0 1^.95 290 
T69 91.0 — k.O 5.0 91.9 lU.90 ■ 250 
TC4 97.0 —   3.0 92.8 15.20 2^0 
T10 91-0 ___ ___ 9.0 89.2 1U.65 325 
WC - Tungsten Carbide 
TiC - Titanium Carbide 
TaC - Tantalum Carbide 
Co - Cobalt  (Binder material) 
Ra - Grain Size (Angstroms) 
TRS - Transverse Rupture Strength 
38~ 
Analysis of Variance 
Flank Wear 
Factor 
Sum of 
Squares 
1.93953xl0"2 
Degrees of 
Freedom 
2 
Mean Squares 
A (Conditions) O.969766XIO-2 
B (Tools) 10.6301xlO"2 5 2.12602x10-2 
C (Time) 3.U88l7xl0'2 k 0.8720^x10-2 
AB 9.95^95xlO-2 10 0.995^95x10-2 
AC 3.21589x10-2 8 0.U01968xl0"2 
BC 1^.8767x10-2 20 0.7If3837xlO"2 
ABC 15.6988x10-2 ko 0.392469x10-2 
ERROR 6.36801x10-2 90 7.07557x10-^ 
F-Ratio &. 99! Significant 
13.71 3.10 4.85 yes    yes 
30.05 ZM- 3.23 yes    yes 
12.32 2.71 "Y3V"'"-n -  — .,.,,.yes ^  yes 
lU.07 1.9^ 2.52 yes    yes 
5.68 2.04 2.72 yes   yes 
10.51 I.69 2.09 yes   yes 
5.55 1.53 1.82 yes   yes 
39 
Analysis of Variance 
Nose Wear 
Factor Sum of 
Squares 
1.4839x10"2 
Degrees of 
Freedom 
2 
Mean Squares 
A (Conditions) 0.740195xlO'2 
B (Tools) 11.83844x10-2 5 2.36769xl0"2 
C (Time) 4.20284xl0-2 4 1.05071xl0"2 
AB 10.3990x10-2 10 1.03990x10-2 
AC 2.71315x10-2 8 0.339413x10-2 
BC 14.0995x10-2 20 0.70497x10-2 
ABC 14.3850x10-2 4o 0.359625x10-2 
ERROR 6.40333x10-2 90 7.48481x10-^ 
F-Ratio 95£ 99?Q Signifi6ant 
10.40 3.10 4.85 • yes   yes 
33.28 2.47 3.23 yes    yes 
14.77 2.71 3.54 yes    yes 
14.62 1.94 2.52 yes   yes 
4.77 2.04 2.72 yes    yes 
9.91 I.69 2.09 yes   yes 
5.05 1.53 1.82 yes   yes 
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Analysis of Variance 
Surface Finish 
Factor 
Sum of 
Squares 
A (Conditions) 5.k6o6xlO~2 
B  (Tools)      12.8568x10-2 
3.9^10x10-2 
27.058x10-2 
7.5893x10-2 
19.^939x10-2 
38.7^x10-2 
0.0555825xlO"2 
C  (Time) 
AB 
AC 
BC 
ABC 
ERROR 
F-Ratio 
1^20.9^ 
1+163.60 
1595.33 
1+381.33 
1536.10 
1578.2k 
1568.35 
95$ 
3.10 
2.1+7 
2.71 
1.9^ 
2.01+ 
1.69 
1.53 
Degress of 
Freedom 
2 
5 
1+ 
10 
8 
20 
1+0 
90 
m 
1+.85 
3.23 
3.5*+ 
2.52 
2.72 
2.09 
1.82 
Mean Squares 
2.7303x10-2 
2.57137x10-2     " 
0.98525x10-2 
2.7058x10-2 
0.91+8668x10-2 
O.97I+69I+XIO"2 
O.96858I+XIO-2 
6.17583x10-6 
Significant 
yes yes 
yes yes 
yes yes 
yes yes 
yes yes 
yes yes 
yes yes 
41 
Regression Analysis 
Flank Wear After 9 Minutes 
s = i+oo 
Co 
-.in 
.2kl3 
1.52 
2.33^ 
Coefficient 
Std. Error 
T Test 
F Remove 
R2 = .6915 
F = 1.60k 
Constant = 59.^63 
S = 550 
Coefficient     -.719 
Std. Error 
F = .0225 
TIC TaC 
-1.001+ -.1U2 
1 
.7272 .O89O 
.1.38 1.59 
1.908 2.531 
.00931 
71.9 
5968.9 
T Test 
F Remove 
R2 = .9998 
F = 35^2.8 
Constant = 112.5^1 
"''■ "*"   - S-.»...7Q0.  
Coefficient -.00178 
Std.  Error .00051 
T Test 3.1+8 
F Remove 12.265 
R2 =  .811+9 
F = 5-27 
Constant =  .0196 
D 
-WC 
nu 
.100 
Ra 
nu 
F =   .0150 D = 
-1.881+    -.266        nu 
,.0278      .0036 
67.6        lk.0 
1+581.5    5W8.7 
F =   .010 D = 
-.00156   .0011+        nu 
.00061    .0005U 
2.56 2.59 
6.1+19      6.779 
.050 
nu 
Density 
-3.782 
2.692 
1.1+1 
1.91b 
nu 
TRS, 
nu 
rfirir-'^-^'-"  
10Q 
nu 
-7.103 .0001+7 
.1025 .0002 
69.5 2.35 
1+803. k 6.866 
nu 
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Regression Analysis 
Nose Wear After 9 Minutes 
400 F .0225 D .100 
Co^ _ ,.,:.,..,TiC TaC wc Ra    Density TRS 
Coefficient -.373 -.917 -.137 nu nu    -3.67 .QQQ43 
Std. Error .2666 .7965 .1029 2.9335 .0051 
T Test 1.400 1.15 1.33 1.25 .0844 
F Remove 1.962 1.486 1.766 1.565 .0070 
R2 = .689I+ 
F = 1.087 
Constant = 58, .111 1 
S = 4oo F = .0150 D = .100 
Coefficient -.688 -1.752 -.2488 nu nu    -6.631 .0013 
Std. Error .02365 .07077 .00913 .26027 .00045 
T Test 2.911 24.3 27.2 25.4 2.88 
F Remove 845.3 614.7 742.4 649.0 8.012 
R2 = .9989 
) 
F = 538.07 
Constant = 104.918 
s = 700 F = .0100 D = .050 
Coefficient .00938 nu -.00406 nu .02146  nu nu 
Std. Error, .00253 .00133 .00437 
T Test 4.08 3.06 4.91 
F Remove i3.767 
\ 
9.374 24.101 
R2 = .8751 
F - 8.72        / 
Constant = -1.990 
43 
Regression Analysis 
Surface Finish After 9 Minutes 
S = 1+00 F = .0225 D = .100 
Co TIC     TaC WC   Ra Density TRS 
Coefficient ns ns      ns ns   ns 
-.00237 ns 
Std. Error .00111 
T Test. 
*,G5i,.  ^Mssaif^ 
- '  ■■-*•- 2.14, ' <>'' "*« 
F Remove 4.587 
R2 = .5608 
F = U.587 
Constant = .0612 C's 
S = 550 F = .0150 D = .100 
Coefficient -1.081 -2.868  -.4057 ns   ns -10.800 ns 
Std. Error .00727 .02137   .00262 .07912 
'< 
T Test 148.9 ^134.5    155-0 136.2 
F Remove 22114. 18002.   24038. I8363. 
R2 = .9999 r - ----- -. "v^ 
F = 15659. 
Constant = 171.231 
S = 700 F = .010 D = .050 
Coefficient .00080 ns    -.00013 ns   .00092 ns ns 
Std. Error .00031 .00016 .00054 
T Test 2.86 .812 1.70 
F Remove 6.5741 .6244 „  2.8732 
R2 = .7355 
F = 3.142 
- 
Constant = 
-.08143 44 
Duncan Multiple Range 
Tool 
WAS 
T69 
T10 
Tk7 
T01 
TO^ 
Test 
Flank Wear 
Mean 
Wear (in.) 
1 Duncan 
95^ 
Ranking 
99$ 
U.79000xlO'3 1.    WA2 1.    WA2 
5.51+667xlO-3 T69 T69 
5.63667x10-3 T10 T10 
6.U6667xlO"3 T^7 TU7 
8.28333x10-3 T01 T01 
71.2l67xl0~3 2.     TOU 2.    TOU 
Tool 
T10 
T69 
WA2 
T01 
Tk7 
TOk 
Nose Wear 
Mean 
Wear 
6.36667x10-3 
6.U9667xlO"3 
9.76000x10-3 
12.9600x10-3 
13.0067x10-3 
78.1567x10-3 
Duncan 
9% 
Ranking 
99?o 
1.    T10 1.    T10 
T69 T69 
WA2 WA2 
T01 T01 
T^7 T*+7 
2.    TOU 2.    TOk 
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and received a Bachelor of Science Degree in Industrial Engineering 
in 1972. While an undergraduate, he was elected to Alpha Pi Mu., 
the Industrial Engineering Honor Fraternity. Upon graduation, he 
entered military service with the United States Air Force. After 
completion of service, he was employed as an assistant engineer 
for Long Island Lighting Company. He is presently employed as an 
Industrial Engineer for Eastman Kodak Company in Rochester, N. Y. 
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